Objectives-To assess quality and variability in measurements of the infrarenal aortic diameter by ultrasound, and to recommend quality control measures to improve consistency in measurements of the infrarenal aortic diameter (lAD) in a long running screening programme. Setting-An aneurysm screening programme in Huntingdon. Methods-Quality of the ultrasound image was subjectively assessed by each ultrasonographer. Quality of the measurements was assessed by analysing the frequency of measurements that were outside the normal variability of the estimated true diameter. The interobserver variability was measured by analysing repeated measurements of the lAD in the same patient by two ultrasonographers, using the same scanner. The variability between different scanners was measured by analysing repeat measurements of the lAD in the same patient by the same ultrasonographer, using two scanners. The intraobserver variability was estimated by analysing all patients with three consecutive measurements of the lAD, carried out by the same ultrasonographer. Results-Although the subjective assessment of the quality of the ultrasound image of the aorta varied, there were no statistically significant differences in the likelihood of obtaining measurements outside the limits of agreement between the ultrasonographers. The interobserver, intraobserver, and between scanner variability of ultrasound measurements of the lAD were all around 6 mm, Conclusion-The variability in ultrasound measurements of aortic diameters is acceptable for clinical decision making, and the interobserver variability is very similar to the long term intraobserver variability. Quality control measures are suggested to maintain long term consistency of ultrasound measurements of the lAD.
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The use of ultrasound to measure the infrarenal aortic diameter is common, especially in the many screening projects for abdominal aortic aneurysms.!" Patients found to have large aneurysms on screening are referred to a vascular surgeon for elective aneurysm repair. The criteria for referral differ,' 4-6 but the principle of surgical repair for big aneurysms is undisputed, since a twofold improvement in life expectancy after aneurysm repair was demonstrated in 1972. 7 Smaller aneurysms are usually followed with serial ultrasound scans to identify those patients with expanding aneurysms.
Comparative studies of ultrasound and computed tomography scanning have shown that ultrasound is a practical and reliable method for the detection of an existing abdominal aortic aneurysm.":" The accuracy of ultrasound scanning in routine use in a long running screening programme is less well established." 11 A long running screening project, or a large national screening programme, will invariably encounter personnel changes. A multitude of observers may increase the variability of the measurements beyond acceptable limits. Monitoring of aneurysm screening programmes to assess the accuracy and reproducibility of ultrasound measurements made by different observers is vital. Valid judgments about meaningful changes in aortic diameter over time can only be made if accurate data exist on the consistency of the measuring techniques over time, and about the normal variability of ultrasound measurements.
Methods
Since the start of the Huntingdon aneurysm screening programme in November 1991, 7445 measurements of the infrarenal aortic diameter have been performed by nine different ultrasonographers. The maximum infrarenal aortic diameter in the anteroposterior plane was recorded. Each ultrasonographer indicated at the time of the measurement whether the image of the infrarenal aorta was satisfactory or unsatisfactory. Quality of measurement was assessed by analysing the frequency of unsatisfactory scans per ultrasonographer, and by analysing the frequency of measurements outside the expected variability of measurement for each ultrasonographer. The likelihood of an unsatisfactory scan was estimated for each ultrasonographer, adjusted for differences in case mix, number of scans, and type of ultrasound scanner, using a logistic regression model. A second criterion for quality of ultrasound measurement was the frequency of measurements of the infrarenal aortic diameter that were more than the normal variability outside the estimated true diameter. All measurements more than two standard deviations below the estimated true diameter and all measurements more than two standard deviations above the estimated true diameter, if they were followed by smaller measurements, were analysed. Measurements higher than the upper limit of agreement, not followed by smaller measurements, were not analysed, since they can be a result of aneurysm expansion. The mean of all observations on the same patient was taken as the best estimate of the true aortic diameter. The likelihood of a measurement below the limits of agreement and the 95% confidence intervals, estimated according to a Bernoulli likelihood model, were calculated for each ultrasonographer. All statistical calculations were performed using Stata 4.0 for Macintosh.
The accuracy of ultrasound measurements was assessed by studying the interobserver variability. Next, the intraobserver variability was measured by analysing repeat measurements of the infrarenal aorta in the same patient by the same ultrasonographer. Finally the variability between the two different ultrasound scanners was measured. Two ultrasound scanners were used in the Huntingdon aneurysm screening project: a Siemens Sonoline with a curvilinear 3.5 MHz probe until 1 May 1995 and a Toshiba Capasee with a curvilinear 3.5 MHz probe from 1 May 1995 onwards.
The interobserver variability and the variability between scanners was studied by performing three repeat measurements of the infrarenal aortic diameter in 32 patients by two experienced ultrasonographers. The infrarenal aortic diameter of each patient was measured by the first ultrasonographer on machine one, then by the second ultrasonographer on the same machine, and finally by the first ultrasonographer on the second machine. The ultrasonographers were unaware of the meas-urements obtained by their colleague. This design enabled us to compare interobserver variability by calculating the difference between the two measurements obtained by the two ultrasonographers on the same patient with the same machine. Both ultrasonographers were instructed to measure the aorta in exactly the same way as they normally would. This was to reflect as closely as possible the true measurement variability in a real life situation of a long running screening programme. The variability between two ultrasound scanners was estimated from the differences in measurement of the infrarenal aortic diameter on the same patient by the same ultrasonographer. The measurement variability between observers and the variability between scanners were analysed using the method described by Bland and Altman. 12 The intraobserver variability was estimated by analysing 58 patients with three consecutive measurements of the infrarenal aortic diameter, carried out by the same ultrasonographer. This enabled us to calculate the agreement of 116 pairs of measurements.
Results

UNSATISFACTORY SCANS
From November 1994, the infrarenal aortic diameter was measured in 7445 patients by nine ultrasonographers. The number of scans performed by each ultrasonographer was wide in range. The average percentage of scans classified as unsatisfactory was 2.8, but varied considerably amongst the different ultrasonographers ( fig 1) .
In order to estimate the relative risk of classifying a scan as unsatisfactory, a logistic regression model was used. The main reasons for unsatisfactory ultrasound scans are obesity of the patient and a large amount of abdominal gas. The influence of obesity could be assessed by calculating body mass indices from the weight and height measurements. A patient in the highest quartile of body mass index was almost seven times more likely to have an unsatisfactory scan than a patient in the lowest quartile of body mass index (odds ratio 6.8; 95% confidence interval 4.2 to 11.1). All but one of the ultrasonographers who had performed more than 500 scans were about equally likely to classify a scan as unsatisfactory, when adjusted for differences in obesity of the scanned patients and differences in number of scans performed by the ultrasonographer. The exception was one ultrasonographer who was 10 times more likely to classify a scan as unsatisfactory (odds ratio 10.7; 95% confidence interval 6.5 to 17.5). All the ultrasonographers who had performed fewer than 500 scans were less likely to classify a scan as unsatisfactory. These differences, however, were not statistically significant.
A second indicator for the quality of measurement is a measurement of the infrarenal aortic diameter outside the limits of agreement of the estimated true aortic diameter. The number of repeat measurements available for analysis was 777. Of these, 16 (2%) were outside the limits of agreement INTEROBSERVER BIAS Thirty one measurements of infrarenal aortic diameters in the same patient, by two ultrasonographers on the same ultrasound scanner, either a Siemens Sonoline or a Toshiba Capasee, were available for analysis. The two ultrasonographers were very experienced in ultrasound scanning of the abdominal aorta, having performed more than 3500 scans of the abdominal aorta between them. The differences in measurement between the two observers varied from -8 mm to 1 mm. The plot of the differences against the mean of the observations showed that no relationship exists between the difference in measurement and the estimated true value (fig 2) . The mean difference (bias) is -2.13 mm (95% confidence interval -2.78 to -1.47 mm). Measurements made by one of the observers tended to be smaller. The standard deviation of the differences was 1.78 mm. If the differences follow a Gaussian distribution, we would expect 95% of the differences to lie within two standard deviations of the mean. The limits of agreement between measurements of the two observers are therefore -5.6 mm and 1.36 mm (95% confidence interval 0.69 to 2.87 mm). estimated true diameter plus 6 mm, not followed by smaller measurements, were excluded from analysis, since an increased measurement of the aortic diameter with more than the expected measurement variability can be caused by aneurysm expansion. The likelihood of obtaining a measurement outside the limits of agreement, given the total number of measurements made by each ultrasonographer, is shown in table 1. The differences between the different observers were not statistically significant.
INTRAOBSERVER BIAS
In 58 patients, three consecutive measurements of the infrarenal aortic diameter were performed in one year by the same ultrasonographer. This enabled us calculate the agreement between 116 pairs of measurements, VARIABILITY BETWEEN ULTRASOUND SCANNERS Thirty one measurements of infrarenal aortic diameters in the same patient by the same ultrasonographer on the two ultrasound scanners, a Siemens Sonoline and a Toshiba Capasee, were analysed. The differences in measurement between the two scanners varied from -3 to 3 mm. The plot of the differences against the mean of the observations showed that no relationship exists between the difference in measurement and the estimated true value (fig 3) . The mean difference (bias) is 0.6 mm (95% confidence interval 0.09 to 1.07). Measurements made by the Siemens tended to be slightly bigger. The standard deviation of the differences was 1.34 mm (95% confidence interval 0.52 to 2.16 mm). If the differences follow a Gaussian distribution, we would expect 95% of the differences to lie within two standard deviations of the mean. The limits of agreement between measurements of the two scanners are therefore -2.1 mm and 3.25 mm. between observations. The limit of agreement was defined for this part of the study as 6 mm. Only measurements of diameters more than 6 mm smaller than the estimated true diameter and measurements bigger than the estimated true diameter plus 6 mm, if they were followed by smaller measurements, were analysed. Measurements bigger than the estimated true diameter and measurements bigger than the Figure] Variability in measurements of the infrarenal aortic diameter, as measured on two different ultrasound scanners in 31 patients. The difference between the two measurements (in mm) is plotted on the y axis against the mean of measurements on the x axis. On the right hand y axis are plotted the mean difference (bias) and the limits of agreement (bias ± 2 SD) between the measurements. Interobserver variability and variability between ultrasound scanners were assessed by measuring the aortic diameter three times in the same patients with two observers and two ultrasound scanners. Interobserver variability was measured in a series of three consecutive measurements of the aortic diameter in the patient by the same observer. CI = confidence interval; SD diff = standard deviation of the differences.
compared with the estimated true diameter. The mean of all three measurements was taken as the best estimate of the true diameter. The measurements were performed between 12 October 1993 and 13 January 1996. The mean (SD) of all the first observations in the 116 pairs was 31.1 (4.6) mm. The mean (SD) of the second observation was 30.5 (5.5) mm. This suggests that there was little change in the six months between the measurements, which makes these observations suitable for an assessment of intraobserver variability. Measurements before 1 May 1995 were made on the Siemens Sonoline, and measurements after this date were made on the Toshiba Capasee. The total variability of the 116 measurements was in the range -8 to 10 mm. The differences had a mean of -0.6 (95% confidence interval -1.07 to -0.13) and an SD of2.58. This leads to limits of agreement ranging from -5.6 mm to 4.5 mm.
The variability of the measurements on the Siemens Sonoline and the Toshiba Capasee were analysed separately (table 2).
Discussion
Quality of ultrasound scans as judged by the ultrasonographers was very similar, with the exception of one observer. The criterion for a satisfactory scan was simply a subjective judgment by the sonographer, whether a clear picture of the aorta was obtained or not. There were no statistically significant differences in the likelihood of obtaining measurements outside the limits of agreement between the ultra-sonographers (table 1) . This suggests that one observer had stricter subjective criteria for satisfactory scans.
The mean differences (bias) in measurements of the infrarenal aortic diameter varied from -2 to 0.6 mm (table 2) . The limits of agreement as assessed by the various methods are all around -6 mm and +5 mm. The limits of agreement suggest that differences between measurements less than 6 mm are within the normal variability of measurements. These estimates of variability are similar to those of others. ID 11 13 Indications for repair of an abdominal aortic aneurysm are usually an aortic diameter of more than 5 ern or an expansion of more than 1 em per year. Clearly these criteria are beyond the variability of ultrasound measurement of the infrarenal aortic diameter. Rigorous monitoring of measurement techniques is of vital importance if the ultrasound measurements of the infrarenal aortic diameter are used for studies into the growth of abdominal aortic aneurysms, or if longitudinal measurements in a long running screening programme are going to be compared over time. This is clearly illustrated in fig 4. In this quality control chart the daily mean of the aortic diameters, measured by the same observer, is plotted against the date of measurement. The chart shows that an initial downward trend is caused by measurements that were out of control in the starting period of this observer. This could be an illustration of the learning curve. A small dip is seen around 1 May 1995 when the ultrasound scanners were changed. Finally, a slight downward trend is visible in the second half of 1995. This observer had changed her technique of measurement during that time. Such trends may limit the comparability of the measurements. A quality control mechanism should be in place to monitor measurements in order to ensure that each observer performs within reasonable limits of measurement variability. Standardisation of measurement technique and continuous reinforcement of this standardised technique is vital to ensure comparability of measurements between observers and over time. 
Conclusion
This study has shown that the degree of variability in ultrasound measurements of aortic diameters is acceptable for clinical decision making. This study has also shown that the interobserver variability is very similar to the long term intraobserver variability. This means that the consistency of measurements in a long term screening project is not necessarily decreased by changes of observers. In order to maintain long term consistency of ultrasound measurements of the infrarenal aortic diameter, monitoring systems of measuring techniques and trends in their variability is vital.
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